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The total cross section
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One—pion production as resonance production + background

@ Resonance production (RES) — peak in W (or v) distribution
N — I"R — |~ N’z (Charged Current)
N — R — yN’7 (Neutral Current)

@ background — smooth function of W (or v) (Walker, 1969)

@ ??7? resonance—background interference
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Isobar model for resonance production

27 ‘ " sum ——
s - A P33(1232) e
A > y P11(1440) -
L 15} \ D;5(1520)
= \
%2 N E,= 3 GeV
z
3 o5t -
low— , T
and high—lying baryon resonances 0 < P - )
W, GeV
elasticity
Risospin, spin Mg, GeV rR(tot)7 GeV rR(R — 7N )/rR(tot)
P33(1232)(AFF, AT, A%, A7) 1.232 0.114 0.995
P11(1440)(P;,, PY) 1.440  0.350(250 — 450) 0.6(0.6 — 0.7)
D13(1520) (D55, DY3) 1.520  0.125(110 — 135) 0.5(0.5 — 0.6)
S11(1535)(S1, Sih) 1.535  0.150(100 — 250)  0.4(0.35 — 0.55)

Leptonic vertex is known — independent on the resonance being produced

Theoretical model for each resonance production vertex is needed
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Modelling low—energy neutrino cross sections: from QE to DIS

@ QE scattering 4N — |~ N — nucelon degrees of freedom
Llewellyn-Smith formula for scattering on free nucleon, which express cross
section via the vector and axial nucleon form factors
Fv(Q?) = Fg—s‘” Dv = (1 +Q%/My?), My = 0.84 GeV "dipole behavior"

Fa(Q?) = Fg—f) Da = (1 +Q?%/Ma%), Ma =1.05GeV axial mass = QE M,"
— existing experim. measurements have limited precision, uncertainty dominated

by Mx — room for improvement: input of updated form factors

@ RES: resonance production
1) nucleon degrees of freedom: transition form factors exhibit non—dipole
behaviour
?? what is “one—pion axial mass”: can we introduce it and how to do this?
2) quark degrees of freedom: predicting form factors from some quark model
Rein—Sehgal model Ann. Phys. 133 (1980) of resonance production is based on
relativistic quark model (used to date in neutrino event generators)

@ standard DIS formula for high W and Q? — quark degrees of freedom — difficulty:
joining the resonance and DIS region, avoiding double counting
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Theoretical models for resonance production on nucleon

@ isobar model for P33(1232) resonance (A), cross section in Schreiner, Von Hippel,
1973
— the structure of the resonance—production vertex is given
— form factors can be improved (in particular vector form factors beyond the
magnetic dominance)
— the similar model + adopting the appropriate form factors for other resonances

@ phenomenological model of Dortmund group (fitting helicity amplitudes for the first
4 resonances); OL, Paschos PRD 74

@ more resonances included by Giessen group

@ refitting axial form factor of P33(1232) (including background) Hernandez, Nieves,
Valverde, PRD 76, Graczyk, Sobczyk, PRD 77

@ Rein—Sehgal model (18 resonances) Ann. Phys. 133 (1980), based on the
relativistic quark model; update for massive outgoing mesons by , K.Hagiwara et al
(KEK), Graczyk, Sobczyk, PRD 77 — difficulty: not so easy to fine—tune the model
for a better agreement with the data

@ Sato-Lee model (dynamical coupled—channel model of meson production,
including background) for P33(1232) resonance PRC 67
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Phenomenological form factors

.
— The electromagnetic hadronic vertex is parametrized in terms
— of the electromagnetic nucleon-resonance (transition) form
) Rp* factors C”(Q?) and C(™(Q?), which in general case do not

coincide for proton and neutron

The weak hadronic vertex is parametrized in terms of the
weak nucleon-resonance (transition) vector C(Q?) and
N, pt axial C(Q?) form factors
V[/-%—7 qu
Several form factors must be used for each resonance:
R, p'* spin-3/2: 3 vector and 4 axial
spin-1/2: 2 vector and 2 axial (at least)

N, pr X-sec is expressed via these form factors @ kinematics

General situation: a lot of parameters to fit
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How the form factors can be determined
@ Theory predictions: no precise description even for the electroproduction data is
available (see JLab, Bonn)
@ So ... Theoretical ideas + phenomenology
1st step: Weak vector form factors can be related to electromagnetic ones due to
the isospin symmetry
Relations for isospin-3/2 resonances

cP) =cm electromagnetic form factors are equal for protons and neutrons
ch =cVv weak vector form factors are equal to electromagnetic ones

Relations for isospin-1/2 resonances
cV=cM_c® weak vector form factors are related to electromagnetic ones

using the electroproduction data (more abundant and precise than neutrino data)
to determine vector form factors

@ 2nd step: Weak axial form factors:
— some can be determined from theoretical idea of PCAC (Partial Conservation of
Axial Current), which: 1) relates two axial form factors to each other; 2) relates
one axial form factor at Q% = 0 to the pion—nucleon—resonance interaction vertex
(which is in turn relatively well known from pion—nucleon scattering experiments)
— others must be derived from comparisons with neutrino experiments (fitting the
form factors)
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Form factors for P33(1232): (JF = %+)

Earlier articles in this notation: Dufner, Tsai, PR 168, 1801; Lewellyn Smith, PR 3
(1972) 261; Schreiner, von Hippel, NPB58 (1983) 333; Paschos, Sakuda, Yu, PRD 69
(2004) 014013; Singh, Athar, Ahmad, hep-ph/0507016;

The resonance field is described by a Rarita-Schwinger spinor (%),

(AVYINY = [ S (ag™ - o )+—2(q pg™ — a*p")

C%/ ! AV ATV
oz (@-p g™ —aTp) | U
N

v 7 C? Av A_v Cj Av ANV A v Cé ANV
(AATIN) = 9a | =(497 —a™") + —5(a-pg™ —a"p") + Cs9™ + —597Q" | un)
N N N
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How the form factors can be evaluated

@ past: P33(1232) (A) investigation began more than 40 years ago
Comparison of the phenomenological model with the electroproduction x-sec
(1968-1971) allows to determine vector form factors in the approximation of
magnetic dipole dominance
Comparison of the Adler model (C5 = 0, C; = —C£%/4) with the
neutrinoproduction x-sec allows to determine axial form factors (also to some
accuracy level)

@ present:
in 2001 unambigious evidence that not only magnetic dipole amplitude contribute,
but also electric E2 ~ —2.5% and scalar S2 ~ —5% quadrupoles
JLab and Mainz experiments provide information not only on x-sec but also on
helicity amplitudes Ag/2, A1 /2, S1/» (avilable for several low-lying baryon
resonances), which are related to multipoles (recall magnetic dipole dominance)

or(W =Mg) = g (Al , +AS),) oo = (W =Mg) = ,\j,r;rNR %55/2

Mg TR

By extracting the form factor from helicity amplitudes we garanty that the accuracy
of our weak vector form factors is at the same level as the accuracy of the modern
electroproduction experiments (OL, Paschos, Piranishvili, PRD74)
Refitting axial form factors (Hernandez, Nieves, Valverde, PRD 76; Graczyk,
Sobczyk PRD 77) within the Adler model

@ future: (possibly) detailed multipole analysis of both vector and axial form factors
(for electroproduction 40 years of experience), going beyond the Adler model
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P33(1232): Beyond the magnetic dominance

Magnetic dominance for low Q?: Az, = v/3A1 )2

cv_ _213/Dv
T 14+Q2/aM2’
50 ‘ ‘ ‘ ‘ ‘
o A cAA A AM A4 Cv — _15/DV
S ol S )= . 7
6 =0t o o
o o ' oV —0.4/Dy
= -100 f o " 1 5 T T oaan?
g [y o* ¢ r (1+Q2/3M\3)
& -150 [ e 1
& L v ®) n)
& 2000 " N — ] ¢’/ =c®=c!
5 250, * AP | where Dy = (14 Q?/M7)?,
w00 s ‘ S MZ = 0.71 GeV?
0 0.5 1 15 2 25 3 For Q% < 3 GeV? these form factors
Q? coincide with the "magnetic domi-
helicity amplitudes at W = Mp1232, nance" values with 4% accuracy
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About vector form factors

Similar fits are also available for P11(1440), D13(1520) and S;1(1535) resonances but
the accuracy of the helicity amplitudes is not so good.

How important is going beyond the magnetic dipole dominance (MDD) for P33?

MDD:  As/, = V/3A )5, SO Ay, is always bigger, S;/, = 0

Exper:  Si/; ~ 5% — 10% of A3/, in the whole Q? region (measure up to 3 GeV)

A .
pQCD: Al—/z — Q% as Q? — o0, 50 A/, dominates
3/2
asymptotics for the form factors (Vereshkov, Volchanskiy, PRD 76)
1 1 1 . . .
cy ~ o cy ~ o cY ~ o + logarithmic corrections
MDD: C) = %Cé’ ; CY = 0 — asymptotics are not satisfied
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About the so—called “one—pion axial mass”

The model of “isospin-1/2” background means NO background for vp — AT — pr™
C£(Q?) is determined from the data on the do/dQ? for these process

the axial mass M, was by definition taken equal to the parameter determined from the

2
QE scattering May = 1.05 GeV, Dp = (1 + 9; (Paschos, Sakuda, Yu, PRD 69) and
M
A

one additional parameter was fitted
other parametrizations of the axial form factor with several fit parameters are also
available (and are equally good)

NO ! “one—pion axial mass” in this approach

A
case (1): C{(Q?) = C5D(O) #QZ Paschos, Sakuda, Yu, PRD 69 for BNL data
A
TV
A
case (2): CA(Q?) = CSD(O) . ;QZ Paschos, OL, PRD 71 for ANL data
A
142

Ma2

Are ANL data indeed steeper than BNL? or we just fail to describe the two experiments
simultaneously within the Adler model?
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do/dQ? for v,p — pu~ATT — pmprt
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X-sec in Sato—Lee model
P33(1232) resonance + background in coupled-channel model

ANL data BNL data ANL data
0.6 T T T - 16 Tot
v vin=> iy 14 X s
S 04} 100 ’
L > 12
2 0.2t é <
(=] g :\{5
0.4 & ‘g
& g
% I
o 1 S
L oozt N
i 0 05 1 15 2 25 3
QGeV?]
U I s,
0.5 1 1.5 2 25 Sato’ Lee 0 0.2 0'43 ({.8 0.8 1
E,[GeV] PRC 67 (2003) 065201 QGev?]

Integrated cross sections are about the same as in model OL, Paschos, PRD 74
Are ANL data indeed steeper than BNL? or we just fail to describe the two experiments
simultaneously within the Adler model?

Olga Lalakulich (Justus-Liebig University Giessen) Neutrino induced resonance production Fermilab, 28 March 2008 15/32



@ Once axial form factors are determined from p=* final state, we proceed with the
other final states, which include the isospin-1/2 resonances and for these
processes we include the “isospin-1/2" background

@ The difficulty is: different experiments give rather different results, so fine tuning
the models is ambigious
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CC and NC reations on nucleons

Proton target

CC: vp—pu R — 1prxt for isospin-3/2

NC: wvp —vRT — {%g 2:; for isospin-3/2

- . .
{ 2142 o, forisospin-1/2

Neutron target
CC: vn—pu R — for isospin-3/2

for isospin-1/2

for isospin-1/2

{
{

NC: vn — vR® — {1/3 PT " for isospin-3/2
{
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Final states: v,n — u"RT — u~p7n°, v — " RT — pna™
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x-sec in Hernandez—Nieves-Valverde model

background within sigma-model + P33(1232) (A)resonance (PRD76)
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C#£ in Hernandez—Nieves-Valverde model

The approach to calculate the x-sec: first calculate the background within the SU(2)
nonlinear o —model, then fit the form factor for the A—resonance

Modified form factor C%":

0.867 1

X
Q22 Q2

CH(Q%) =

Parameter M, = 0.985 GeV can not be called “one—pion axial mass” because the
second multiplier is kept as it was earlier, with parameter 3 (which was fitted itself in
2003 with Ma be definition equal to the QE axial mass)

@ aroom for improvement — going beyond the Adler model and fitting CJ', C%

@ Recall, that the previous fits (by other groups) were made with the vector form
factor CY (0) = 1.95, while recent fits of helicity amplitudes give C3 (0) = 2.13 +
other changes in the vector form factors; no surprise that the axial form factors are
to be refitted

Olga Lalakulich (Justus-Liebig University Giessen) Neutrino induced resonance production Fermilab, 28 March 2008 20/32



C& within modified Rein—Sehgal model

Graczyk, Sobczyk, PRD77 combination of phenomenological (for A) and theoretical
(Rein—Sehgal model for other resonances) arguments

S|multaneous fit of ANL and BNL data

1 .
fit with C5A(0)=0.88 —
.
0.8 7\ BNL data o
ANL data = ch = 0.88
5 2 2)2
0.6 o (1+Q2/9.71 Gev2)
<
[fe

1

© X —
0.4 (1+Q2/0.35 Gev?)

0.2

T 15
Q?[GeV?]

a room for improvement — going beyond the Adler model and fitting C;', C%
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Background as a sum of Feynman diagram

wt =g w! a'n
L;"L St Ny il\ 3 The same set of diagrams is used in the models:
™ N* &
" i - @ Sato-Lee (PRC 67 (2003))
ol T @ Kia—Pascalutsa—Tjon-Wright
3 ’; N - N
N N N N G (electroproduction, PRC 70 (2004))
e
i e )-?7_" = ® Hernandez—-Nieves-Valverde (PRD 76
g T 7w (2007))
N N .
WQ)“‘L',""‘ Iterference between A— and the background is
% considered
N N

picture from PRD 76

No direct comparison of the results of different groups is available yet
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Pure phenomenological background

OL.: fitting the JLab electroproduction data on F, and 2xF; for different Q? as the first
four resonances (with Dortmund form factors) + noninterfering background

F(Pbor _ vQ?  ap(W — W)™
2 Q*+v2 (Q?+by)?

oxE(PPar _ vQ®  ay (W — Wy)™
' Q?+v? (Q%+by)?

a; = a, and n; = n, from the requirement F, — 2xF; ~ 1/Q4 as Q% — oo

Wi =My +m, a=a,=374 n;=n,=035+022Q> b, =388 by =32

FP
2xF,P

o

02 03 04 05 06 07 08 09
X
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Pure phenomenological background
FZ(P)bg" _ |:2(l°)l°g|'((227 l/) 2XF:EP)bg" _ 2X|::Elo)bgl'((227 l/)

suitable for two—, one—fold and integrated x-sec (not tested yet)

dr 4o do
dQzdv’ dQ?’ dv’

@ no interference

@ not suitable for nuclear corrections
@ what to do with the axial part?

@ what to do with neutron?

Background from Giessen group

. . H 7T0 ™
@ isospin-1/2 background, that is o, ” = %abg‘r”

idea from Rein—Sehgal: background has P11 structure without Breit-Wigner peak
obgr = [dW [dQ? const - —— L, HfY

(s—mﬁ)z bgr
hadronic tensor Hf," = HoE
const is fitted, so that the background+resonances agree with the integrated x-sec
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Including nuclear effects

@ Initial State Ineractions (ISl): we only understand interactions in the impulse
approximation (neutrino hit a nucleon in the nucleus)
— local density approximation (Giessen, Valencia—Aligarh): density distribution
p(r); medium modification of the resonance mass My + ReXa(p) and width
Mo — |mZA(p)
— nuclear shell models (Gent): each nucleon is off its mass shell and is
characterized by its wave function (one—particle approximation); medium
modification of the resonance mass Mg + ReX A and width g — ImXa
— realistic spectral function for the whole nucleus: one—particle approximation +
short—range correlations (INFN, Dubna, Wroclaw, Giessen); Fermi gas model can
be considered as a simplest case of these approach

@ Final State Interactions (FSI): outgoing pion and nucleon propagate in nucleus
— pion absorption coefficient (average value) + charge exchange matrix
(Dortmund)
— relativistic optical potential, relativistic multiple scattering Glauber
approximation (Gent, Madrid, Italy)
— coupled—channel semiclassical Boltzman—Uehling—Uehlenbeck transport
model (Giessen): absorption, recattering, charge exchange automatically included
— superscaling approach (big group USA-Italy—Spain)
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Giessen model: charged current

CC: vussFe — p~n7OX  (PRC 73)

FSI: absorption +rescattering
+pion charge—exchange

Maximum in pion—kinetic—energy distribu-
tion is shifted to lower T, because the pion
absorption depends on its energy (the ab-
sorption is higher in the resonance region)

50 - - - - 20 - - - -
w/o FSI ---- 0 w/o FSI ----
T wFSl — wFSI —
% SN EPAN w FSI, only A - % 15 | w FSI, only A -
Q FEEAN Q
N ! \ w FSI, only QE —-—+- ~ w FSI, only QE -+
§ 30} : 5
B i 8 10
S 20} S E,=1.0 GeV
1 —
i i E,=1.0 GeV =
kS i s 5
8 10} 3
ok s s 0 s s s
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Giessen model: neutral current

5 T
56
° Fe
T[+
+(0) €
NC: vyseFe — v, X (PRC 74) £ n
fee)
@
FSI: absorption +rescattering <
+pion charge—exchange &
other distributions are available
E, [GeV]
3 w/o FSI ---- 10 w/o FSI —---
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Pions of different charged in the final state (OL)

CC:vu12C — X

NC: v,12C — v, X
ISI: nuclear shell model adopted by Gent
group
FSI: pion absorption coefficient and pion
charge exchange matrix (in analytical
form) averaged over W and Q? (Paschos
07041991) (reasonable for total cross sec-
tion, but, probably, not for the distributions
like Ex- or 0-)

3
25
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8
o 15¢
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Integrated cross section with realistic specral functions

A production
10 | T
Benhar, Meloni, NPA 789 8 : T i
| — our result - =3
V160 — p~ A — pmX =6 | 7
s | &
. - . % | e /_//_,'—
IS realistic spectral function (shell model 2y I y i
+ short-range NN correlations) ° | ot
2| i
FSI: neglected for the inclusive final state ! /
5l = .
0.0 os 1.0 1.5
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ISI: local density approximation p(r) + medium modification of the resonance mass
Mo + ReXa(p) and width o — ImZa(p)

FSI: an eikonal approximation using probabilities per unit length as the basic input

— - ithoat s kear reedium elleas
==+ ith paicless medinm e lecis
if |— wah rocles medivm and pion absarpion etecrs -

i () ST SR

(]

Id

Ahmad, Athar, Singh, PRD 74

o 1l

Vp12C — A — p= X
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Differential cross sections form Gent group
Praet et al

ISI: relativistic plane wave impulse approximation using realistic bound—state wave
functions

FSI: relativistic Glauber model for fast ejectiles and optical potential approach for
lower—energy ejectiles
d’c
dT, dcosB,,

(cm?*MeV?Y

V160 — p~ AT — pmprt 25

. 204 ‘ ‘
FSI in progress 151 ”;/’/M& \\\\ i
E, = 1.3 GeV E ; &\\\\\\\\\\\\\

\
\\\\\\\\““\‘\‘\\\\“‘“
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)Y

2
T (M o) 0 18
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Topics to discuss rather than conclusion

@ Nucleon cross section within phenomenological model

» Vector form factors are fitted at about the same level of accuracy as electoroproduction
data are available, but be aware of pQCD asymptotics at large Q2

> Axial form factors are fitted from old neutrino cross sections, but are those experiments
in agreement?

> |s there “one—pion axial mass” or what parameters shall we fit for the axial form factors

» What is the way to compare phenomenological results with other theory—based model
(Sato-Lee, Rein—Sehgal)

@ Background

» The same Feynman diagrams are used by different groups, but how to compare
results?
> |Is phenomenological background of any use?

@ Nuclear corrections:

» should be tied into other physics phenomena with photons and pions
» accuracy versus simplicity and availability
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